Introduction
Practical work on simple lamination techniques has demo strated that dramatic improvements in failure behaviour over monolithic ceramics can be achieved1.'. The st ucrures have been generated using a v r'et of methods, including CVD of SiCigraphite layers? and pressureless sintering technique8>. kecently, the technique has also been demonstrated for oxide laminates4. These structures show a characteristic load/displacement behaviour when tested in bending. RoIler Displaccmcnt (mm) Rollcr Displacement (mm)
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The laminate structure and failure behaviour is shown in Fig. 1 . The sequence of failure behaviour is the failure of an individual ceramic layer, followed by crack deflection which prevents catastrophic failur of the whole component. This behaviour has been modelled and characterised in previous workf6 in which interfacial cracking was determined according to a simple energy criterion. Optimum values of material parameters as a function of laminate geometry were indicated. Following the success of the above modelling work, the model has been extended to examine the effects of introducing alternate layers with different strengths and stiffnesses. This approach has been ractically demonstrated by Folsom et al. using alumina layers bonded together with epoxy pre-peg? Alternate layers of a ductile e a1 and brittle ceramic have also been produced and failure behaviour characterised and "84 modelled .
Modelling of Laminate Fracture
A previously developed model has been extended to account for layers of alternating strengths and stiffnesses. The procedure used is to impose a displacement on a beam with a set array of crack lengths. Using an analytical expression for the compliance of the beam enables a load to be predicted. From this the stresses in the individual layers can be evaluated (see Appendix) and the strain energy release rates for all possible interfacial cracks caIculated. If the stress in a layer is higher than its strength, then that layer is assumed to fail, and if the strain energy release rate for crack advance is greater than its critical value then the interfacial crack will advance. The displacement is incrernented until the whole beam has failed.
Specific details of the modelling procedure are available in previous publications596, and the emphasis here will be on the modifications to the existing procedure. These are as follows: 1 If an internal (sub-surface) layer fails which is bonded on both sides, then it is assumed that two interfaces must be generated to relieve the load in that layer. This may not be valid if large differences in elastic modulus exist. L P 
4
; PI2 2 The layers are assumed to debond along a length determined by an energy criterion. External interfacial cracks will advance a distance determined by the following equation:
where Gi is the interfacial strain energy release rate. This accounts for ny initial period of crack propagation when Gi exceeded GiC. It has been shown in previous work1', that some of this energy can be stored as kinetic energy of the debonding ligament and can be available to drive the interfacial cracks in later stages of crack growth when Gi is apparently less than Gi,. Gic is assumed to be the same for sub-surface debonding layers as for the outer layers, although there may, in practice, be some phase angle effects However, a mechanism for the storage and release of energy for internal cracks, is not apparent, and no such energy recovery is assumed to occur. It is likely that any excess energy released during the initial stages of crack propagation will be lost doing frictional work in withdrawing the ligament from its socket. This is analogous to two dimensional fibre pull-out. 3 In order to calculate the compliance, it is assumed that the debonded layers carry no load, i.e. the load bearing capacity of Fig.2(a) is shown in 2(b). This assumption is not strictly true for internal debonded layers, since the layer below an internal crack is still forced to maintain a curvature due to the presence of the layer above. However, if the distance of the neutral axis of the debonded layer from the neutral axis of the bonded beam is large, then the parallel axis theorem would indicate that the error is small. The procedure for evaluating the stiffness of a partially debonded region is outlined in the appendix. The procedure for evaluating the compliance uses simple beam bending theory and is described in previous publications. Expressions for the compliance of the beam, change of compliance with crack length and strain energy release rates are given below:
where Zn is the stiffness (product of the second moment of area and Young's modulus) of region n and b is the specimen width. Note that Gi has been given for an internal crack where both sides of the debonding layer must have interfacial cracks advancing. For an external layer this will be increased by a factor of two. The strain energy release rate for the first sub-surface layer debonding is plotted in Fig.3 .
Beam thickness / Layer thickness Figure 4 shows the results of the model predictions for a laminate of constant thickness, but with varying proportions of strong phase. It can be seen that there are three types of failure behaviour predicted for such a laminate. When 90% of the laminate is constructed from the weak phase (c), then when the weak layers fail, the transfer of load to the strong layers is sufficient to make them fail also. Hence, the behaviour of the laminate is being governed by the weak phase. Similarly, when the laminate is constructed from 90% strong phase (a), the laminate failure is entirely governed by the strong phase. This is because, although the weak layers fail prematurely, they are so thin (20 pm) that they do not relieve enough elastic energy on debonding to fail the interfaces. Hence no significant change in compliance is predicted until the strong layers fail. Note that the factors determining whether the weak layers debond include their absolute thickness and stiffness (see equation 4). The final example shown in Fig.4(b) , is for a laminate constructed from 100pm layers of weak and strong material. In this case, the laminate is loaded up until the weak layers fail. At this point, the layers still do not hold enough elastic energy to debond. As the laminate is loaded up further, the layers debond in a stable manner, leading to a gradual change in compliance. Then a point is reached at which the first strong layer fails, pm sub-surface layer of stress.
which leads to the observed load drop. The sequence o crack advance is shown in Fig.5 . This behaviour is very similar to that observed by Fulsom et a$. for a laminate manufactured by bonding ceramic layers together with epoxy prepreg. It would thus appear that a warning of impending failure can be achieved by incorporating weak layers into the laminate, which will fail prematurely. A similar warning of failure can be achieved by adding a weaker layer to the outside of the laminate which will debond prior to the stronger layers failing. This has been demonstrated in the work of Clegg et al. by notching the outer layers. However, it should be appreciated that, as expected, the overall strength of the laminate will be lower for both of these methods, as will the energy required to fracture the specimen in bending. It should be noted from Fig.5 , that on the failure of the strong layers, a large crack burst is predicted which sends the debonding cracks right to the end of the specimen. This phenomena has been observed in practice for laminates and is a result of the strain energy release rate being so high for the deflecting crack. This results in the debonding ligament gaining kinetic energy which drives the cracks to the ends. This is a potential problem since it may result in debonded layers being completely detached which may not be desirable in applications of this material. However, the layers debonding beneath the surface will not be subject to this problem, since the debonding layers are constrained from bursting off by the remaining layers above. It can be seen from Fig.5 , that the layers failing beneath the surface do not grow significantly until the outer layers fail. One way of making layers fail below the surface was illustrated above; make these layers weaker (or more strictly have a lower strain to failure). However, this has two disadvantages. Firstly, the overall strength of the material is reduced. Secondly, the strong layers still take the large proportion of the load, and hence, when these eventually fail, these layers will burst to the end of the specimen with layers again becoming completely detached at relatively low displacements.
An alternative approach would be to have a layer of low stiffness, but high strain to failure as an alternate layer. This would mean that the stiff ceramic layers would fail first and be restrained from bursting off by the presence of the other layers. The layers must pull out of their sockets as they progressively debond. However, when the compliant layers do fail, due to their low stiffness, the energy released is not significant. In addition, these layers could be kept thin so as to maintain the overall stiffness of the beam. The predicted failure behaviour for such a system is shown in Fig.6 . Points to note include the fact that the strength of the laminate is maintained (c.f. Fig.4(a) ) and that no layers completely debond until the damage is extensive. This has obvious relevance to existing work on metal ceramic laminates. The principle is already widely used to prevent catastrophic failure of glass by attaching a thin polymer adhesive layer. Note that the compliant layers hold the laminate in tact until failure is well advanced.
Summary and Conclusions
A model has been developed to predict the failure behaviour in bending of laminates constructed from layers of two different materials. Expressions have been derived for the strain energy release rates of internally generated cracks. Using such expressions, load displacement plots for these materials have been predicted. Three types of failure behaviour are expected, in which either the strong or weak phase dominate or the strong phase is sufficiently strong to maintain the load bearing capacity even when the weak phase has failed. This final type of behaviour may have advantages, since the failure of the weak phase indicates that imminent failure of the component is likely. However, this type of behaviour is achieved at the expense of the overall strength of the material and the subsequent gradual failure behaviour.
An additional approach is suggested in which compliant layers are used to hold the laminate together and prevent complete delamination. Advantages of this approach include the fact that the overall strength of the component remains high and that premature internal failure is not induced. In addition, the energy required to fail the specimen is not reduced.
